Background: The progressive loss of hyaline articular cartilage due to osteoarthritis (OA) changes the functional and biochemical properties of cartilage. Measuring the T 1 q along with the morphological assessment can potentially be used as noninvasive biomarkers in detecting early-stage OA. To correlate the biochemical and morphological data, submillimeter isotropic resolution for both studies is required. Purpose: To implement a high spatial resolution 3D-isotropic-MRI sequence for simultaneous assessment of morphological and biexponential T 1 q relaxometry of human knee cartilage in vivo. Study Type: Prospective. Population: Ten healthy volunteers with no known inflammation, trauma, or pain in the knee. Field Strength/Sequence: Standard FLASH sequence and customized Turbo-FLASH sequence to acquire 3D-isotropic-T 1 q-weighted images on a 3T MRI scanner. Assessment: The mean volume and thickness along with mono-and biexponential T 1 q relaxations were assessed in the articular cartilage of 10 healthy volunteers. Statistical Tests: Nonparametric rank-sum tests. Bland-Altman analysis and coefficient of variation. Results: The mean monoexponential T 1 q relaxation was 40.7 6 4.8 msec, while the long and short components were 58.2 6 3.9 msec and 6.5 6 0.6 msec, respectively. The mean fractions of long and short T 1 q relaxation components were 63.7 6 5.9% and 36.3 6 5.9%, respectively. Statistically significant (P 0.03) differences were observed in the monoexponential and long components between some of the regions of interest (ROIs). No gender differences between biexponential components were observed (P > 0.05). Mean cartilage volume and thickness were 25.9 6 6.4 cm 3 and 2.2 6 0.7 mm, respectively. Cartilage volume (P 5 0.01) and thickness (P 5 0.03) were significantly higher in male than female participants across all ROIs. Bland-Altman analysis showed agreement between two morphological methods with limits of agreement between -1000 mm 3 and 11100 mm 3 for volume, and 20.78 mm and 10.46 mm for thickness, respectively. Data Conclusion: Simultaneous assessment of morphological and multicomponent T 1 q relaxation of knee joint with 0.7 3 0.7 3 0.7 mm isotropic spatial resolution is demonstrated in vivo. Comparison with a standard method showed that the proposed technique is suitable for assessing the volume and thickness of articular cartilage. Level of Evidence: 2 Technical Efficacy: Stage 1
assess disease progression in OA. [7] [8] [9] However, the standard clinical MRI protocols for knee cartilage imaging such as T 1 -weighted spoiled gradient echo (SPGR) sequences and fat-saturated T 2 or proton density-weighted fast spin echo (FSE) are unable to identify the early stages of OA.
Measuring the spin-lattice relaxation time in the rotating frame (T 1 q) and spin-spin relaxation (T 2 ) relaxation times have been studied extensively as potential noninvasive biomarkers in detecting early-stage OA. 6, [10] [11] [12] [13] The increase in water content and the loss of proteoglycans (PGs) in early-stage OA results in an elevation of the T 1 q and T 2 relaxation times. 6, 10, 14 A multicomponent model better represents the relaxation decay behavior than a monoexponential model, since the monoexponential relaxation shows the mean of relaxation in different water compartments in the cartilage, while a multicomponent model distinguishes the relaxation time of different water compartments (eg, free water, water tightly bound to PG, collagen macromolecules, etc.). 15 Previous morphological studies have shown the variations of the cartilage properties and its relationship with OA. [16] [17] [18] To correlate multicomponent biochemical and morphological data, submillimeter isotropic resolution for both studies is required. The small volume and curved surfaces of articular cartilage necessitate imaging with high in-plane resolution and thin slices for accurate morphological as well as biochemical T 1 q relaxometry measurements. Performing simultaneous morphological and multicomponent relaxometry mapping of human knee cartilage with a single sequence is difficult due to long acquisition times. Several prior studies 14, 19 utilized high-resolution morphology and low-resolution relaxometry.
In this work, we aimed to demonstrate the feasibility of using a 3D-isotropic technique (3D-ISO) for simultaneous morphological and biexponential T 1 q assessment of cartilage by measuring its volume, thickness, and multicomponent relaxation parameters.
Materials and Methods

Human Subjects
The study was approved by the Institutional Review Board (IRB) and complied with Health Insurance Portability and Accountability Act guidelines. All the participants provided written informed consent prior to participation in the study. Ten healthy volunteers (women: n 5 5, men: n 5 5,) with no known inflammation, trauma, or pain in the knee with a mean age (6SD) of 26 6 2 years (women: 25 6 3 years, men: 26 6 3 years), mean height of 168 6 10 cm (women: 158 6 6 cm, men: 178 6 5 cm), and mean weight of 71 6 16kg (women: 57 6 10 kg, men: 86 6 7 kg) participated in this study.
MRI Acquisition
MRI was performed on a 3T clinical MRI scanner (Magnetom Prisma, Siemens Healthcare, Erlangen, Germany) with a 15-channel Tx/Rx knee coil (Quality Electrodynamics, Cleveland, OH). A 3D Cartesian Turbo-Flash sequence was customized to enable T 1 q imaging with varying spin-lock durations. 15 The T 1 q preparation module consists of a 908 RF excitation pulse along the x-direction, followed by a 500 Hz spin-lock pulse along the direction and a -908 along the x-axis. A 1808 refocusing pulse was applied in the middle of the module to compensate for B 0 inhomogeneity. Moreover, the phase of the spin-lock module was altered to compensate the B 1 inhomogeneity effect. 15 Sagittal iso- 
Cartilage Volume and Thickness Estimation
The mean cartilage volume and thickness were measured in 14 regions of interest (ROIs) including tibia, lateral and femoral carti- The T 1 q-weighted images with highest signal-to-noise ratio (SNR) (t SL 5 2 msec) were used for cartilage segmentation. The ROI masks were drawn manually on all the slices using ITK-SNAP (v. 3.6.0). Afterward, the segmentation masks were transferred to MatLab (v. R2016a; MathWorks, Natick, MA) for volume and thickness measurement. The cartilage volume was calculated by multiplying the voxel size, the total number of voxels, and the thickness was estimated by averaging the orthogonal distance from the subchondral bone surface to the articular cartilage surface in 1000 random points in different ROIs for each volunteer. The mean cartilage volume and thickness were calculated across all the volunteers on both 3D-ISO and 3D-FLASH images.
Multicomponent T 1 q Relaxation Mapping
In addition to cartilage volume and thickness, the mono-and biexponential T 1 q relaxation were estimated pixel-by-pixel across the ROIs. The monoexponential relaxation time, T 1 q mono , was calculated by fitting the monoexponential model to the data:
Where y(t SL ) is the pixel signal intensity in the scan acquired at the spin-lock duration, t SL . y 0 is the constant term that was forced to be equal to the noise. Similarly, the biexponential relaxation components were estimated by fitting the biexponential model to the same dataset using a nonlinear approach:
Where T 1 q long and T 1 q short are the long and short relaxation time components, respectively. The relative fractions of the long (y l ) and the short (y s ) components were reported as Y long 5 yl yl1ys and Y short 5 ys yl1ys , respectively. Afterward, the pixels satisfying the below condition were included in the mean estimation 15 :
Statistical Analysis
The statistical analyses were performed using Minitab (Minitab 18 Statistical Software,). A nonparametric rank-sum test with a significance level (P-value) of 0.05 was applied to compare the relaxation components between different ROIs. Gender difference analysis was also performed to compare the T 1 q relaxation components as well as cartilage volume and thickness between male and female participants. Bland-Altman plots, 21 including 95% confidence intervals (95% CI; estimated as 1.96 times the standard deviation of the differences), 22 were generated to quantify agreement between the estimated cartilage's thickness and volume from 3D-ISO and 3D-FLASH images.
As the measure of repeatability of cartilage thickness and volume, the experiment was repeated on four volunteers on two different days with a 3-week gap. For each subject, the mean and Journal of Magnetic Resonance Imaging standard deviation (SD) were calculated across the two sessions and the coefficient of variation (CV) was calculated as CV 5 SD/ mean. To depict the repeatability, root-mean-square coefficients of variation (rmsCV) for each ROI was calculated as 23 :
where CV i is the CV of an individual volunteer and N is the total number of volunteers (n 5 4); rmsCV% values less than 10% and 5% were interpreted as good, very good, respectively.
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Results
The representative examples of the T 1 q relaxation components map in sagittal, coronal, and axial planes are shown in Fig. 3 . A summary of our descriptive statistics for the different ROIs is shown in Table 1 . We expect that the long component corresponds to the water loosely bound to macromolecules while the short component is related to the water tightly bound to PG and collagen macromolecules. The short and long component mean fractions were 35% and 65%, respectively. The group histogram distribution of relaxation components in Fig. 4 show that the 95% CI of monoexponential, long and short component values were between (38.8-42.1 msec), (6.2-6.7 msec) and (56.7-59.7 msec), respectively. Figure 5 shows the comparison of the T 1 q relaxation components for different ROIs. The pairwise statistically significant ROIs are shown with the black dashed line and the rank sum test P-values. The anterior tibial cartilage (ALT) had higher monoexponential relaxation compared to other ROIs. Moreover, its long component difference with IP, PLT, and AMT were statistically significant. No significant difference was observed between 11 ROIs for the short component (P > 0.05).
The monoexponential T 1 q relaxation in patellar (P 5 0.01) and medial tibia (P 5 0.03) cartilage was significantly higher in females as compared to males. No gender difference (P > 0.05) was observed in biexponential T 1 q relaxation times across all 11 ROIs. The mean cartilage thickness and volume in different ROIs are shown in Table  2 for male and female participants. The global cartilage volume (P 5 0.01) and thickness (P 5 0.03) of male participants were significantly higher compared to females.
Analysis of the Bland-Altman plot demonstrated an average difference of 33 mm 3 and -0.16 mm with 95% CI of 6 1041 mm 3 and 60.62 mm between 3D-FLASH and 3D-ISO measurements for cartilage volume (Fig. 6 ) and thickness (Fig. 7) , respectively. The regression between the difference and the average showed a negative relationship for cartilage volume (Volume_Difference 5 161.67 -0.09 3 Volume_Mean) and positive relationship for thickness (Thickness_Difference 5 20.05 1 0.09 3 Thickness_ Mean). Only a few data points were outside the 95% tolerance intervals. The intersubject repeatability results (rmsCV%) for cartilage thickness and volume for all of the ROIs are shown in Fig. 8 . The experiments showed an rmsCV smaller than 10% in all 11 regions for both thickness and volume measurements.
Discussion
In this study we presented an isotropic 3D-MRI technique for simultaneous morphological and biochemical assessment of the human knee cartilage. The morphological and compositional measurements can be quickly registered and correlated in the same voxels for more comprehensive and accurate assessment of cartilage tissue properties. Moreover, the isotropic spatial resolution allowed the multiplanar reformatting of the scans and evaluation of the relaxation, volume, and thickness in any plane and hence the complete coverage of the surface of the articular cartilage.
The main advantage of this method was its ability of simultaneous 3D-T 1 q relaxation mapping and morphological estimation with isotropic high resolution. Although our in-plane resolution was still lower than the standard Osteoarthritis Initiative (OAI) protocol for quantitative cartilage morphology studies 20, [25] [26] [27] [28] [29] volume, while the positive relationship for thickness showed a tendency for the 3D-ISO technique to underestimate the thickness. On the other hand, our spatial resolution was higher than many of the reported T 1 q relaxation studies. 15, 19, 30, 31 In studies with higher in-plane resolution and voxel size such as the Nozaki et al study, 31 their larger slice thickness (3 mm vs. 0.7 mm) leads to a higher partial volume effect (PVE) and as a result less accuracy in comparison with our technique. The smaller slice thickness in this study decreases the PVEs and, as a result, the T 1 q estimation error.
Additionally, acquiring more temporal data points (10 t SL ) instead of 4-6 in other studies 10, 11, 14, 19, 31 leads to more accurate relaxation mapping. The isotropic submillimeter resolution of this sequence justifies its longer scan time (23 min) in comparison to another study (15 min), as it could eliminate the need for acquiring multiple timeconsuming 2D acquisitions in different planes or an additional 3D high-resolution scan for morphological assessment. The estimated range of the cartilage's volume and thickness in our study is in agreement with previous studies. 7, 32, 33 However, some differences were observed that might be due to the difference in the physical size of the volunteers 32 as well as the different thickness estimation methods used in previous work. 33 We observed that men had higher cartilage thickness and volume than women, which is also in agreement with previous studies. 34, 35 This study has several limitations. First, only asymptomatic healthy volunteers were recruited, and further validation in patients with knee OA is warranted. Moreover, the relatively small number of volunteers analyzed in this work might affect the statistical results. The condition used for excluding pixels in biexponential analysis can also generate some bias. 15 In conclusion, a 3D isotropic turbo-flash based sequence was implemented for simultaneous in vivo morphological, mono-, and bicomponent T 1 q relaxation mapping analysis of the human knee articular cartilage. The biexponential T 1 q components in combination with cartilage volume and thickness assessment with isotropic 0.7 3 0.7 3 0.7 mm resolution could potentially be used to increase the specificity for detection of early osteoarthritis. 
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